Introduction

Overview of the cell types and circuitry in the normal rat dentate gyrus
The adult rat dentate gyrus consists of a dense layer of granule cells, and many other types of neurons and glia that are dispersed throughout all strata (Fig. 1) . The somata of granule cells are tightly packed, and form the so-called granule cell layer (also referred to as stratum granulosum). Granule cells are oriented in a stereotypical fashion, with a spiny arbor of dendrites that begins at the cell body and extends unilaterally to the hippocampal fissure (Fig. 1) . The area where the dendrites are located also contains scattered non-granule cells, and is referred to as the molecular layer (stratum moleculare). It is divided into three sublayers: the inner, middle and outer molecular layers (Fig. 1) . These layers contain numerous afferents from nuclei extrinsic to the hippocampus, and axons from neurons that lie within the dentate gyrus such as various GABAergic neurons (inhibitory interneurons) and the glutamatergic "mossy" cells. The middle and outer molecular layer are the primary sites of termination for the major cortical input to the dentate gyrus from the medial and lateral entorhinal cortex, respectively. A hallmark of the extrinsic afferents is the specificity for each particular sublayer, with axons from one system rarely crossing the borders to adjacent substrata. 194 H.E. Scharfman and W.P. Gray Figure 1 . Schematic of the adult rat dentate gyrus. A transverse section through the rat dentate gyrus in the horizontal plane illustrates its location in the hippocampus. The inset diagrams the locations of the different cell types and lamination of the dentate gyrus.
On the opposite pole of the granule cells from their dendrites lie the granule cell axons or "mossy fibers." These axons are a major component of the large region just beneath the granule cell layer, called the hilar region or hilus (Fig. 1) . The mossy fibers primarily target the proximal apical dendrites of CA3 pyramidal cells of hippocampus, but also form a complex array of collaterals that terminate on hilar cells. These hilar cells can be divided into the mossy cells, which innervate the inner third of the ipsilateral and contralateral granule cell layer, and also have local collaterals. There also are hilar cells that are GABAergic, and these neurons are highly diverse in morphology and projection. The somata and axons of GABAergic neurons are located throughout the dentate gyrus.
All of the cells in the dentate gyrus, both glutamatergic and GABAergic, contain secondary chemicals and proteins that are thought to be neuromodulators. Different cell types are often selective for the expression of distinct neuromodulators. For example, granule cells contain several peptides such as enkephalin, the calcium binding protein calbindin D28K, as well as other substances such as zinc, but these are only weakly expressed, if at all, in other types of dentate gyrus neurons [1] [2] [3] . Mossy cells preferentially express calcitonin gene-regulated peptide (CGRP; [4] ). GABAergic neurons contain a variety of unique substances that are not normally expressed in other dentate gyrus neurons, such as somatostatin, cholecystokinin, the calcium binding protein parvalbumin, and vasoactive intestinal polypeptide, to name a few [5] .
Normal localization of NPY and its receptors in the rat dentate gyrus
The normal expression pattern of NPY protein and its receptors in the rat dentate gyrus are shown in Figures 2 and 3 . NPY is normally expressed very specifically in GABAergic neurons and not other cell types [6, 7] . Fiber systems that innervate the dentate gyrus do not appear to express NPY.
Only a subset of the GABAergic neurons in the dentate gyrus express NPY. Many of these cells co-localize NPY with other peptides, including somatostatin and cholecystokinin, but this is not always the case. Thus, immunocytochemistry reveals some neurons that are NPY-immunoreactive but lack somatostatin-immunoreactivity, whereas in others the two peptides are colocalized. Depending on the antibodies, laboratory, and other variables, the percentages of GABAergic neurons that are NPY-ergic can vary substantially. However, there are some general rules that can be concluded. First, most of the cell bodies are located in the hilus and in the granule cell layer [7] . In addition, these neurons appear mostly to be "local circuit neurons" because their axon typically arborizes in the hippocampal lamella where the cell body is located. There is only one report of NPY-immunoreactive neurons that have a contralateral projection, and they were estimated to be only 2% of the total population of NPY containing neurons [6] . The axon contributes to the innervation of granule cells, hilar cells, and also contributes to fibers innervating process-es in the outer two-thirds of the molecular layer [6] [7] [8] . Most NPY-immunoreactive terminals appose molecular layer dendrites, including dendrites of granule cells as well as other non-granule cells [6, 8] . NPY-immunoreactive terminals do appear to appose other terminals in the outer molecular layer [8] , but there does not appear to be a strong influence of exogenous NPY on the perforant path input to the molecular layer [9, 10] . NPY terminals also appose astrocytic processes [11] , suggesting an interaction with glia [12] . 196 H.E. Scharfman and W.P. Gray els are low [13] . In contrast, Y1, Y2, and Y5 mRNA is robust [13] . mRNA for Y1, Y2, and especially Y5 receptors appear to be expressed primarily on hilar neurons and in granule cells [13] . Receptor protein appears to have a different expression pattern, with Y2 and Y5 receptors primarily on mossy fibers and and Y1 receptors primarily in the molecular layer ( [14] ; Fig. 3A) . The localization of Y2 and Y5 receptors to mossy fibers suggests a presynaptic action of NPY. This is also suggested by electrophysiological studies, which have shown that NPY influences mossy fiber transmission by a presynaptic mechanism [10] . Both Y2 and Y5 receptors have been implicated in these effects [15, 16] . The role of the molecular layer Y1 receptor is less clear. Studies of Y1 receptor agonists reveal inhibitory effects on Ca 2+ entry into dendrites of granule cells [16] . Other studies suggest a potentially proconvulsant effect [17] . Studies in mouse slices indicate that Y1 receptors regulate the G-protein inwardly rectifying potassium (GIRK) potassium channel [18] . To date, no studies have examined the hypothesis that transmission from the entorhinal cortex is modulated by Y1 receptors, although such actions are suggested by the evidence that boutons of NPY-immunoreactive neurons appear to innervate non-NPY-immunoreactive boutons in the outer two-thirds of the molecular layer [8] . However, these could be other boutons besides those of the perforant path, because NPY itself seems to do little to perforant path transmission (see above). Interestingly, another potential role of Y1 receptors is regulation of neurogenesis, because granule cell progenitors express Y1 receptors, and neuroproliferation increases in response to NPY (see below).
NPY and dentate gyrus neurogenesis
Neurogenesis occurs primarily in three locations in the adult brain, the olfactory bulb, the subventricular zone, and the dentate gyrus. In the dentate gyrus, there is a 50-100 µm layer in the hilus just beneath the granule cell layer called the subgranular zone (SGZ), where it is thought that the precursors of granule cells are located (Fig. 4) . These progenitors appear to spontaneously divide at a slow rate throughout life, and their progeny develop into neurons (neurogenesis). Primarily the new neurons become granule cells, but there are reports that other neuronal types, such as GABAergic neurons, may also develop [19] . In addition, these precursors may develop into non-neuronal cells. Indeed, their development may arise entirely from radial glia, dividing into one or more daughter cells that become neurons, as well as additional cells that ultimately become mature astrocytes [20, 21] .
The regulation of adult neurogenesis has become a topic of substantial interest because several studies have implicated dentate gyrus neurogenesis in important functions, such as learning [22, 23] . Thus, it is possible that new neurons must be continually supplied to the dentate gyrus granule cell layer to maintain the ability of the hippocampus to mediate or modulate learning and memory. In addition, it has been observed that many factors that influence behavior also influence neurogenesis in the dentate gyrus, such as the hormones estrogen and prolactin, exercise, administration of growth factors, etc. [24] . Increased neurogenesis in the adult dentate gyrus has typically been associated with beneficial effects, and decreased neurogenesis with the opposite, such as psychiatric disorders and learning deficits. For example, decreased neurogenesis in the dentate gyrus has been suggested to underlie depression [25] . Indeed, stress and glucocorticoids, which are elevated in depressed individuals, decrease neurogenesis in laboratory animals [26, 27] . Neurological disorders such as Alzheimer's disease, autism, or schizophrenia may be a result of altered neurogenesis in the adult brain also [28] [29] [30] [31] .
Interestingly, it has been shown that various types of insults to the brain, as well as seizures, lead to a rapid increase in the rate of dentate gyrus neurogePlasticity of neuropeptide Y in the dentate gyrus 199 Figure 4 . Seizure-induced neurogenesis in the rat dentate gyrus. A. A schematic illustrates the area of the dentate gyrus where progenitors are located in the adult rat, the subgranular zone. B. A schematic illustrates the increase in progenitors, labeled by the mitotic marker bromodeoxyuridine (BrdU), after seizures. As discussed in the text, NPY appears to facilitate this process.
nesis (Fig. 4) . Remarkably, this period of increased neurogenesis can be long lived, lasting weeks in the case of some of the most severe seizures, such as status epilepticus [32] [33] [34] . This is remarkable because status epilepticus typically leads to substantial neuronal cell death. This phenomenon raises the possibility that neurogenesis may increase when the organism is threatened, injured, or damage occurs. In other words, a regulatory mechanism is present that provides compensation for the damage, and part of that mechanism includes increasing dentate gyrus neurogenesis. This is consistent with the general consensus that injury and seizures may be followed by a period when the brain begins to express proteins similar to those that are produced during development, a so-called "recapitulation of development" that is an effort by the brain to re-grow and hence repair itself. Interestingly, the increase in neurogenesis after status epilepticus may not necessarily be beneficial, because some of the new neurons appear to migrate to abnormal locations and disrupt the normal circuitry of the hippocampus [34, 35] .
A role for NPY in dentate gyrus neurogenesis has only recently been identified. Initial studies hinted at such a role by showing that NPY was implicated in neurogenesis in the olfactory bulb [36] . This led to studies in the dentate gyrus, and it has now been shown that NPY facilitates dentate gyrus neurogenesis also. These studies have identified that Y1 receptors are present on the progenitors of the dentate gyrus that are located in the SGZ. This may explain part of the role of the Y1 receptor. It also suggests a potential "division of labor" among NPY receptors: Y2 and Y5 may primarily influence synaptic transmission, whereas Y1 may be dedicated to other types of functions, such as neurogenesis. The actions of Y1 receptors on the regulation of calcium entry may actually work in part to modulate neurogenesis and proliferation indirectly, since it is likely that intracellular calcium will influence the cell cycle and associated events [37, 38] .
NPY protein and receptor expression after seizures
It was first shown in the 1990s that NPY expression in the rat dentate gyrus dramatically increases after seizures. Subsequent studies from many different laboratories showed the reproducibility and robust nature of these changes [39] [40] [41] , and the upregulation of NPY in the dentate gyrus has become an accepted marker of seizure activity.
One of the reasons why NPY expression after seizures has been studied so much is that it changes in a very interesting and yet robust manner, depending on the degree and duration of seizures. After acute seizures (lasting minutes), there is an elevation of expression in many non-granule cells, particularly those in the hilus and granule cell layer (Fig. 5) . Acute studies have used, for example, pentylenetetrazol-induced seizures [42] , electroconvulsive shock [43] , and kindled seizures [44] . After more severe seizures, such as status epilepticus following electrical stimulation, kainic acid or pilocarpine admin- istration [39] , this acute upregulation also occurs, but in addition some of the NPY cells die due to excitotoxicity [45] . After status epilepticus, it appears that NPY expression can also develop in some of the hilar neurons that normally do not express the protein (Fig. 6 ). This can be appreciated by comparing the immunoreactivity of sections from animals that had status and those that did not (Fig. 6) . The normal, small hilar cells that are NPY-immunoreactive appear to be lost after status, but the hilus does not appear devoid of cells as a result. Instead, other cells that are quite large appear to express NPY. These large NPY-immunoreactive cells are not apparent in the normal tissue, so it is likely that they have developed de novo expression. They appear to be either large GABAergic neurons or the glutamatergic mossy cells. The latter is surprising, because mossy cells are not thought to express NPY normally or after seizures. However, this may be due to the fact that most periods of status epilepticus induce substantial mossy cell loss. We have found that if status epilepticus is abbreviated by diazepam administration after 1 h, mossy cells can survive [46] . When our tissue is examined for NPY expression, cells with the morphology of mossy cells are 202 H.E. Scharfman and W.P. Gray immunoreactive (Fig. 6 ). Thus, they are large, multipolar, and have largediameter primary dendrites. Furthermore, the area where the primary dendrites join the soma is uneven or "ruffled", rather than smooth. One would expect this characteristic of mossy cells, which have complexes of large spines (thorny excrescences) on their primary dendrites, especially at the junction with the cell body. Other hilar neurons do not have thorny excrescences, and the initial portion of their primary dendrites is relatively smooth. When seizures occur chronically, for example in animals that have status epilepticus, and then are examined months later, NPY expression is also abnormal, but the changes are distinct from the pattern observed after acute seizures (Fig. 5C ) [46] [47] [48] . There continues to be an increase in NPY expression in non-granule cells, but in addition, NPY is apparent in the granule cells and their axons [42, 49] . NPY immunolabeling becomes distributed throughout the mossy fiber axon plexus. Another change that occurs in many GABAergic neurons that survive seizures is sprouting of their axons [50] . This sprouting also appears to occur for the NPY-immunoreactive GABAergic neurons that survive seizures [51] . It may allow compensation for the loss of some of the original NPY-containing neurons.
Another interesting change in expression of NPY after seizures relates to the presence of NPY in mossy fibers, and the fact that many chronically seizing animals develop collateralization of mossy fibers into the inner molecular layer. This "mossy fiber sprouting" may serve to increase recurrent excitation, because the new collaterals innervate granule cells [52] [53] [54] [55] . But the new collaterals also innervate GABAergic neurons, which would potentially negate any increase in recurrent excitation [56, 57] . What is significant for the present discussion is that the parent and sprouted mossy fibers are indistinguishable in NPY immunoreactivity; the new fibers appear identical in NPY expression as the parent axons. Thus, epileptic animals demonstrate a novel band of NPY immunoreactive fibers in the inner molecular layer that is not present in normal rats (see Fig. 6 ).
There are substantial changes in NPY receptor expression after seizures (Fig. 3B) , although no evidence of a distinct pattern of expression, as appears to be the case for NPY protein. After acute and chronic seizures, Y2 receptors increase expression in mossy fibers, but do not appear to change elsewhere [57] . The data for Y5 receptors are less clear [59] , but it appears that they also change in mossy fibers [60] . Regarding Y1 receptors, it appears that molecular layer expression of Y1 receptors diminishes after seizures [61] .
In summary, acute seizures increase NPY expression of many non-granule cells. There also may be cell death of NPY-expressing neurons, especially if seizure activity is severe. After chronic seizures, additional NPY expression develops in the mossy fiber axons of dentate granule cells, and possibly surviving mossy cells. Regarding receptors, Y2/Y5 receptors mainly increase and Y1 receptors appear to decrease. These changes are summarized in Figure 7 .
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Functional implications of seizure-induced changes in NPY and its receptors
Synaptic transmission
Why might the changes in NPY, and its receptors, occur in the epileptic brain?
The increased expression in non-granule cells, as well as mossy fiber NPY expression, is an inherent compensatory reaction that serves to decrease the possibility of subsequent seizure activity. This follows logically from studies showing that NPY depresses mossy fiber transmission. This would blunt any ability of seizures to propagate through the major pathway that seizures take through the hippocampus, the trisynaptic circuit. Depression of excitatory mossy fiber transmission might also be neuroprotective because the transmitter is glutamate, and the targets of mossy fibers (hilar cells, pyramidal cells) are quite vulnerable to seizure-induced damage [51, 62] . Consistent with the hypothesis that the changes in NPY protein after seizures may suppress further seizures, there is an increase in the receptors that mediate actions of NPY to depress synaptic transmission of the mossy fibers. Taken together, the increased mossy fiber NPY, coupled with the increased Y2/Y5 receptors, should serve to dampen excitability very effectively in the epileptic rat dentate gyrus.
However, the anticonvulsant and neuroprotective effects discussed above assume that NPY receptor-mediated actions are equivalent in the normal and epileptic brain. One cannot necessarily assume they are identical, and in fact there appears to be little effect of NPY on perforant path-evoked transmission to granule cells in normal rat brain [9, 10] , but a potent inhibitory effect in epileptic human brain [63] .
There are at least a few other reasons to suspect that the increase in NPY and NPY receptors after seizures may not necessarily have the same effects on synaptic transmission as it does in the normal brain. One of the factors that could be complicating is that other peptides and receptors of the mossy fibers change after seizures. They may interact with NPY in a way that does not occur normally. Metabotropic glutamate receptors are a prime candidate, Plasticity of neuropeptide Y in the dentate gyrus 205 Figure 7 . Summary of NPY plasticity in the rat dentate gyrus after seizures. A summary of the changes that occur in protein and receptor expression after acute seizures and further changes after chronic seizures. A. Normal condition B. After acute seizures, NPY protein increases in inhibitory neurons, although some may also be lost due to seizure-induced neuronal death, and some may sprout collaterals, making the new NPY interneurons network potentially novel. In addition, some hilar cells that do not normally express NPY protein may begin to do so, such as surviving mossy cells. C. After chronic seizures, granule cells and their axons, the mossy fibers, express NPY and sprout into the inner molecular layer. Y2, and possibly Y5 receptors, increase in mossy fibers, and Y1 receptors in the molecular layer appear to decrease. In addition, seizures increase the proliferation of granule cells from progenitors in the subgranular zone which express the Y1 receptor; this is likely to occur during a window between day 3-4 and 30 after status epilepticus, at least in the case of pilocarpine-induced status epilepticus [32, 34] . This coincides with the period when spontaneous seizures are beginning to occur, suggesting a role for seizure-induced neurogenesis in epileptogenesis [33] .
because they normally modulate mossy fiber transmission, these receptors change after seizures, and they influence NPY [64] . Another complication is that the expression of GABA increases in mossy fibers after seizures [65] . It appears that this pool of GABA can be released and inhibit the target cells of mossy fibers [66] , although the net effect is not clear, because GABA and glutamate are released at similar times from mossy fiber boutons. Nevertheless, if NPY depresses mossy fiber transmission, it may not only depress glutamatergic transmission (as has been assumed) but also GABAergic components of mossy fiber transmission. Indeed, in thalamus, NPY does depress GABA release [67] . If this is the case, NPY might actually have a partially disinhibitory effect by blocking the GABAergic component of mossy fiber transmission. This potential disinhibition could be greater after seizures, because under these conditions the GABAergic component of mossy fiber transmission appears to increase greatly.
Neurogenesis
One of the aspects of seizures that is perhaps as robust as the induction of NPY expression is the ability to increase neurogenesis of granule cells [33, 35] . This may not be a coincidence: it is possible that the increase in NPY mediates the increase in neurogenesis of granule cells. Thus, NPY may serve to protect the epileptic brain from further seizures by modulating synaptic transmission (see above), and at the same time contribute to its repair by promoting the genesis of new granule cells. What is the evidence for the hypothesis that increased NPY after seizures mediates seizure-induced neurogenesis? First of all, experimental seizure models which have demonstrated that seizures increase neurogenesis are models that have also shown an increase in NPY. Second, the increase in NPY is rapid, and occurs before neurogenesis begins. Such timing would be necessary if neurogenesis is dependent on NPY. Third, NPY facilitates neuroproliferation in the olfactory bulb [36] , providing a precedent.
Much more direct evidence has been obtained recently by studying the influence of NPY exposure on cultures of granule cell precursor [68] . NPY facilitated neuroproliferation, and did so at very low concentrations, similar to what would be expected to occur in situ. In addition, mice that lacked NPY had a lower basal level of neurogenesis [69] . Interestingly, the effect appeared to be due to the Y1 receptor, based on pharmacology [68] . In addition, cultures from mice that lack the Y1 receptor failed to demonstrate an effect of NPY on neurogenesis [70] . Furthermore, the precursors appear to be immunoreactive to a Y1 receptor antibody [68] . Thus, NPY appears to modulate neurogenesis and does so by acting at Y1 receptors.
How NPY modulates neurogenesis in vivo is still somewhat unclear. One question is how NPY from NPYergic neurons is made available to precursors in the SGZ. This is an issue because most of the axon projection of NPY con-taining cells is thought to project far from the SGZ, in the outer molecular layer. Only a small number of collaterals are thought to terminate in the SGZ. If the role of NPY is to modulate neurogenesis, why would the axons not terminate entirely in the SGZ? Perhaps the answer is that Y1 receptors have two functions in the dentate gyrus, one to modulate excitability by actions of ion channels (in the molecular layer and hilar neurons) and the other to influence progenitor division (in the SGZ). The innervation of the molecular layer would allow NPY neurons to influence dendritic function, and the innervation of the SGZ would allow them to influence neurogenesis.
Another puzzle is that the Y1 receptors that appear to mediate the actions of NPY on neurogenesis exist primarily in the molecular layer, and furthermore, they decrease after seizures. This is not logical if a function of NPY is to contribute to seizure-induced neurogenesis in the SGZ. One would expect that NPY receptors, and specifically Y1 receptors, would be necessary in the SGZ. However, it is likely that the Y1 receptors are located in the SGZ, but are sparse enough not to generate a large signal, at least relative to other lamella. This is because physiological evidence indicates they are present [17] . And some Y1 binding is apparent in hilus, although it may be associated with mossy fibers [71] . And perhaps the SGZ Y1 receptors do not decrease after seizures, although those in the molecular layer do. Indeed, there was a transient increase in Y1 receptor binding in the dentate gyrus molecular layer after seizures, but this was not significant [61] . Higher resolution techniques will be needed to clarify these issues. It is important to add that it is not yet clear how NPY-containing cells would influence SGZ progenitors specifically, because synapses have not been revealed, and release onto progenitors has not yet been examined. One possibility is that there is diffusion from the processes of NPYexpressing neurons, analogous to the diffusion of dynorphin from granule cell dendrites to its target receptors in the molecular layer [72] . Although long range diffusion would be unlikely in light of the ability of proteases to cleave NPY extracellularly, there have been suggestions that NPY could potentially function over long distances nevertheless [73] .
Summary
In summary, NPY is clearly an important peptide in the adult rat dentate gyrus because it has the potential to influence synaptic transmission and neurogenesis. It may even have other functions, as yet undiscovered, mediated by glia or vasculature [74] . The remarkable plasticity of NPY puts it in a position to allow dentate gyrus function to be modified in a changing environment. The importance of this plasticity in the context of epilepsy cannot be emphasized enough. It could help explain a range of observations about epilepsy that currently is poorly understood. For example, rapid increases in NPY could mediate postictal depression, the period of depression that can last for several hours after generalized seizures. It may mediate the "priming effect," which is a reduction in seizure threshold following an initial period of seizures [75] [76] [77] . Finally, it could contribute to the resistance of dentate granule cells to degeneration after seizures [78] . However, despite the focus in this review on seizure-induced changes, the changes described here also appear to occur after other types of manipulations [79] [80] [81] [82] , which considerably broadens the scope of NPY's role in the brain.
